A bioluminescent method is presented that allows monitoring of ATP production from mitochondria corresponding to one islet of Langerhans per sample. In mitochondria from ob/ob mice Ca2l stimulates the ATP production in the presence of L-glycerol 3-phosphate (GP) by reducing the K,m for GP by one order of magnitude to about 3 mM. Maximal ATP production in the presence of Ca2l (200 nM) is obtained at 10 mM GP. The free calcium concentration required to reach half-maximal stimulation (Ko.,c2+) depends on the GP concentration, thus halfmaximal effects are observed at about 80 nM at low GP (1 mM) and 10 nM at high GP (10 mM). Sodium can replace Ca2+ as a
INTRODUCTION
The pancreatic B-cell serves as a glucostat in the body by balancing the blood-glucose level with insulin release. In noninsulin-dependent diabetes mellitus (NIDDM or type-II diabetes) a defective stimulus-secretion coupling causes uncontrolled glucose changes. A crucial point in the understanding of that malfunction is the mechanism of metabolic activation in the B-cell.
Several observations indicate that insulin release is tightly connected to the metabolic degradation of the nutrient stimulus. On glucose stimulation, the healthy B-cell increases the ATP content [1] . The closing of ATP-dependent K+ channels initiates Ca2l influx [2] , which eventually triggers insulin release. Thus mitochondrially produced ATP has been proposed to be a main coupling factor between glycolytic intermediates and insulin release [3] .
Pancreatic B-cells are equipped with an exceptionally high content of mitochondrial L-glycerol-3-phosphate dehydrogenase [(GPDH)m] [4] . It was therefore suggested that glucose-induced stimulation of the B-cells may act on the mitochondria through the glycerol phosphate shuttle. The enzyme is located at the outside of the inner mitochondrial membrane and possesses a calmodulin-like Ca2+-binding site [5] . The activation of (GPDH)m by Ca2+ [6] led to speculations about the role of Ca2+ in the early stages of stimulus-secretion coupling. This question has been re-examined recently [7, 8] and a close relationship between cytoplasmic Ca2+ concentrations and the mitochondrial activity was suggested. Thus it was proposed that ATP production via the glycerol phosphate shuttle would be stimulated by Ca2+ in a feed-forward mechanism.
The present study aims at elucidating the role of Ca2+ in the stimulation of intact B-cell mitochondria. However, L-glycerol stimulator of GP-induced ATP production. It activates ADP phosphorylation by B-cell mitochondria in a sigmoidal concentration-dependent manner in the absence of Ca2+ (Hill coefficient 2.3 + 0.2) but does not change K0_5 C'2+ nor the maximal mitochondrial activity. Ca2+ concentrations higher than 300 nM are inhibitory at all tested substrate concentrations. Mitochondria from ob/ob mice showed no functional defect when compared with normal controls. It is concluded that activation of the glycerol phosphate shuttle may not be the main coupling site for glucose-induced insulin release at maximal cytoplasmic Ca2+ levels.
3-phosphate (GP)-stimulated mitochondrial ATP production depends not only on (GPDH)m activity but is rather an integrated functional signal. Ca2+ is also transported into the matrix where it can regulate, for example, the respiratory chain activity [9] . Thus matrix Ca2+ may influence mitochondrial ATP production in response to GP even if (GPDH)m faces the outside of the inner mitochondrial membrane and primarily responds to cytosolic Ca2+. Sodium promotes Ca2+ efflux from the mitochondria, thus lowering the matrix Ca2+ concentration. In order to prevent Ca2+ accumulation in the matrix, sodium was included in the assay.
Mitochondrial ATP production on stimulation with GP was monitored using the luciferin-luciferase system. Due to the limited amount of mitochondria available from pancreatic Bcells, the original method [10] designed for isolation and monitoring of ATP production from intact muscle mitochondria had to be refined. In the present study mitochondria corresponding to a single ob/ob-mouse islet of Langerhans were used in each determination, but the sensitivity of the method can easily be increased. with K, (M-1) being the binding constant and AH0 the enthalpy (J -mol-1) determined at T, (293 K). R is the gas constant (8.31
MATERIALS AND METHODS
The pH dependency of binding constants was calculated as described previously [13] , where the apparent binding constant between EGTA and ligand (K.,,,) can be calculated according to eqn. (2) .
KMel' (2) K, and K2 are the proton-binding constants of EGTA and K.e, is the metal-binding constant of EGTA at 37 'C. Table 1 summarizes the binding constants obtained from [12] , the corrected values for 37 'C and the apparent binding constants of Mg2+ and Ca2+ to EGTA at pH 7.10 and 20 'C or 37 'C. These constants were used to calculate [Ca2+], according to the procedure outlined elsewhere [13] . Solutions of different [Ca2+], were prepared in Medium B and compared with an independent Ca2+ determination using the Fura-2 method. 
RESULTS
To test whether the mitochondrial activity remained stable during the incubation experiments, the total ATP production was measured after different incubation times (Figure 1 ). Since ADP serves as a substrate for ATP production by adenylate kinase, several concentrations of ADP were tested. At 6, 20 or 60 ,uM ADP, the ATP production rate in the presence of GP was constant for at least 30 min. In the following experiments the incubation time was kept at 10 min. Light production from blanks without GP, but containing mitochondria and 6 ,uM Free Ca2+ concentrations were calculated using the binding constants given in Table 1 detection of any basic abnormality. Insulin secretion [18] , as well as glucose oxidation rates [19] , are normal as compared with lean controls. To verify the suitability of the animal model for the present study some comparative experiments were performed with normal controls. Since pancreatic islets of normal controls are smaller than those from ob/ob mice, experiments were performed with mitochondria from five islets per sample. In the presence of 200 nM Ca2+ the concentration dependency of GPinduced ATP production from normal mice was rather similar to that from ob/ob mice ( Figure 3) .
Sodium stimulated GP-induced ATP production in the absence of Ca2+ (Figure 4) . The The synergistic effect of Na+ and Ca2+ on the ATP production by GP from B-cell mitochondria is shown in Figure 5 (a) for mitochondria from ob/ob mice. In the absence of sodium, Ca21 stimulated ATP production both at 1 and 10 mM GP. Ko.5 c2+ decreased from 80 nM at 1 mM GP to 10 nM at 10 mM GP. The maximal activation at 1 mM GP reached 30% of that in the presence of 10 mM GP. Maximal activity was obtained at 300 nM Ca2+ at low GP concentrations, whereas maximal activity at high GP concentrations was obtained at 50 nM Ca2 . Stimulation by 500 nM Ca2+ yielded submaximal ATP production.
Sodium increased the ATP production rate without changing Ko.5 Ca2+ This effect is clearly demonstrated at low GP concen- trations where the overall activity is lower. At 1 mM GP addition of Na+ increased the maximal activity to 50 % of Vmax.
Similar additive effects of Ca2+ and Na+ were observed in mitochondria from normal controls (Figure 5b ). In the presence of 10 mM GP half-maximal activity was obtained in the absence of free Ca2+ (54 +3 % of Vmax; n = 3). Maximal activity was reached at 50 nM Ca2+ in the absence of Na+. K C82+ increased to about 50 nM at low substrate concentrations. Maximal activity at low substrate concentration was obtained in the presence of 100-200 nM Ca2t. At 0.3 mM and 1.0 mM GP, 20 % and 60 % respectively of the maximal activity was observed. Na+ (20 mM) increased the maximal activity at low substrate concentrations by 25 to 35 %.
Mitochondria from ob/ob mice, when incubated with 10 mM GP in the absence of Ca2+ and Na+, displayed less than 15 % of maximal ATP production (Figure 3 ). In contrast, mitochondria from islets of lean mice produced about 50 % of maximal ATP under the same conditions (see above). This reflects a somewhat higher sensitivity of the latter mitochondria to stimulation with GP, which is evident from the results presented in Figures 5(a) and 5(b).
DISCUSSION
One problem in physiological studies of intact mitochondria from pancreatic B-cells is the restricted tissue availability. The detection limit for ATP in bioluminometric methods is in the femtomolar range. Since the ATP produced after 10 min of incubation is around 0.1 nmol, as judged from internal ATP standards, the sensitivity may be increased further by increasing the concentration of luciferase or luciferin. Care must be taken, however, to keep the linear dose-response relation of the signal [20] . Provided that proper measures are taken the amount of mitochondria per sample may be substantially reduced.
Mitochondrial destruction due to permeability transition [21] is avoided in the present assay procedure since ice-cold mito- [6, 8] . Addition of Ca2+ decreases the Km GP to 3 mM for mitochondria compared with 0.5 mM GP in studies on GPDH(m) [8] .
Maximal Ca2+ stimulation of ATP production from intact mitochondria is observed at 200-300 nM. This is half the concentration (750 nM) determined for maximal activation of islet GPDH(m) by Rutter et al. [8] and more than 30 times lower than the corresponding concentration (10 1sM) found by MacDonald [6] . Moreover, free Ca2+ concentrations above 300 nM inhibit mitochondrial ATP production. This observation is corroborated by experiments with mitochondria isolated from lean mice which display a similar pattern for GP-induced ATP production as found in B-cell mitochondria from ob/ob mice. The increased activity at low GP concentrations may reflect the fact that lean mice preparations contain a significantly higher amount of non B-cells.
Sodium activates mitochondrial ATP production in a dosedependent manner. Values for the total Na+ concentration in the B-cells range from 60 mM, measured with integrating flame photometry [22] , to 95 mM, when determined with isotope uptake measurements [23] . Estimates of the free Na+ concentration range from 14 mM [22] to 30 mM 124] as determined from fluorescent probe spectroscopy and electrophysiological measurements respectively, indicating that most of the Na+ is bound in the B-cell. Stimulation with glucose reduces the total Na+ concentration by 25 % with a maximal effect already at 5 mM glucose [22] . Thus concentrations of free Na+ in this range may represent a physiological activator of mitochondrial ATP production and the effects of Ca2+ should be studied in the presence of Na+. Since EGTA has free access to the inner mitochondrial membrane [25] an increase of the extramitochondrial Ca2+ concentration due to ion transport over the 2Na+/Ca2+ antiporter is unlikely.
A Hill coefficient near 2 indicates the participation of more than one Na+ in the stimulation of GP-induced ATP production. Since the effects of Ca2+ and Na+ are synergistic both ions may act on the same allosteric binding site.
The high apparent Ko05 Ca2+ at physiological GP concentrations (0.1-0.2 mM [26] ) is generally used as an argument for a Ca2+_ activated GP shuttle, since it predicts stimulation over the whole range of cytoplasmic calcium changes (50-600 nM [27] ). Here we demonstrate that the stimulatory Ca2+ range appears to be more limited for intact B-cell mitochondria. The observed inhibition of mitochondrial ATP production at 500 nM free Ca2+ appears to set an upper limit for Ca2+-dependent stimulation at 200-300 nM. This inhibition is probably not due to a harmful Ca2+ accumulation in the matrix as observed in rat liver mitochondria [28] . Control experiments showed that the ATP production rates were linear with time at all tested Ca2+ concentrations (results not shown), indicating that the observed inhibition represents a true reduction in ATP production capacity.
The relatively limited coupling of GP-induced mitochondrial ATP production to changes in cytoplasmic Ca2+ may stress the importance of the NAD+-regenerating function of the GP shuttle. In the glucose-stimulated B-cell there is a diminished content of NAD+ which may limit glycolysis at the glyceraldehyde-3-phosphate dehydrogenase level and restrict the supply of pyruvate for mitochondrial oxidation [29] . For Ca2+ to fulfil the alleged stimulatory effect through increased ATP (a) availability an efficient coupling of the free Ca2+ level to the oxidation of other mitochondrial fuels might be necessary. This remains to be tested in future experiments.
